A stimuli-responsive drug delivery system based on fluorescent, lectin-gated, mesoporous glyconanoparticles has been developed and evaluated in normal-and cancer lung epithelial cells. The gating process proved efficient, exhibiting good sealing properties in the absence of the glutathione redox trigger, avoiding premature release in normal cells. In the presence of higher levels of glutathione in cancer cells, the lectin gate was rapidly opened and the anticancer drug released. For the most part, these systems rely on non-proteinic structural elements, such as synthetic polymers and supramolecular assemblies, whereas the use of proteins as gatekeepers is still in early development. 9 Proteins are however attractive as gating elements, since they are inherently biocompatible, can be of non-toxic nature, exist in many different shapes and sizes, and are amenable to a wide range of recognition systems. In the present study, we present an MSN-based, redox-controlled drug release system using protein-carbohydrate recognition as a gating factor.
Nanomedical strategies with high therapeutic efficiencies and reduced adverse side-effects have attracted high interest in recent years.
1 Controlled, stimuli-responsive drug release from nanocarriers, avoiding premature leakage, is in this context a key feature, 2 and development of more efficient delivery systems based on nanomaterials is demanded. Mesoporous silica nanoparticles (MSNs) have demonstrated excellent potential as delivery containers, owing to their tunable pore sizes, high surface areas and overall biocompatibility. 3 MSNs allow for straightforward, diffusion-controlled cargo entrapment and can be functionalized to release the loaded drug in response to chosen stimuli, such as light, 4 pH, 5 temperature, 6 enzyme action, 7 and redox state.
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For the most part, these systems rely on non-proteinic structural elements, such as synthetic polymers and supramolecular assemblies, whereas the use of proteins as gatekeepers is still in early development. 9 Proteins are however attractive as gating elements, since they are inherently biocompatible, can be of non-toxic nature, exist in many different shapes and sizes, and are amenable to a wide range of recognition systems. In the present study, we present an MSN-based, redox-controlled drug release system using protein-carbohydrate recognition as a gating factor.
Lectins are proteins of non-immune origin that interact with specific carbohydrate structures, thereby mediating ubiquitous important biological processes. 10 One member of this family, the jack bean protein concanavalin A (Con A), is a homotetrameric protein at pH above 5.5 with a size of approximately 8 nm. Release was in this case effectuated by acidifying the solutions or by competitive binding with glucose. We however reasoned that redox control offer an efficient release mechanism, especially suited for targeting cancer cells. By engineering a disulfide linker into the gate function, the release would be responsive to the redox state of the cells, maintained by the glutathione/glutathione disulfide system. Healthy cells generally have considerably lower glutathione concentrations than cancer cells, thus enabling a selectivity effect between the different cells/tissues and low degrees of premature release.
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The gated nanomaterials were designed and fabricated as outlined in Scheme 1. Fluorescently-labeled mesoporous silica nanoparticles were chosen as carriers, further functionalized with D-mannose using a photochemical nitrene-mediated approach, and incorporating a redox-sensitive disulfide moiety in the linker. Doxorubicin, an anticancer drug with red fluorescence, was subsequently loaded into the nanopores, and the particles capped with Con A. Upon uptake by cancer cells, doxorubicin would then be released owing to the glutathionemediated reduction of the disulfide bonds, thereby removing the Con A gatekeeper groups.
The fluorescein isothiocyanate-(FITC)-doped mesoporous silica nanoparticles (FMSN, Scheme 1) were prepared using a modified protocol of Lin and coworkers, involving a FITC-silane synthesized from fluorescein isothiocyanate and 3-aminopropyltriethoxysilane.
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The resulting MSNs displayed an average diameter of 130 nm, as shown by transmission electron microscopy (TEM) ( Fig. 1A and B) , where the ordered lattice array indicated a uniform, well-defined mesoporous structure. Subsequent functionalization with 3-mercaptopropyltrimethoxysilane resulted in thiolated particles (FMSN-SH, Scheme 1), as supported by a thiol absorption band around 2580 cm À1 in the Raman spectrum ( Fig. S1 , ESI †).
Further modification using 2-(pyridin-2-yldisulfanyl)ethyl 4-azido-2,3,5,6-tetrafluorobenzoate yielded particles presenting disulfide-linked perfluorophenyl azide (PFPA) groups (FMSN-PFPA, Scheme 1). before and after washing. The particle synthesis, and the loading and gating process were also followed by dynamic light scattering (DLS, Fig. 1C ). The FMSN particles displayed a hydrodynamic diameter of approximately 180 nm, which increased slightly to 200 nm after PFPA functionalization and mannosylation. After doxorubicin loading and Con A capping, the size of the particles increased to 300-600 nm, in part owing to particle crosslinking. The smaller particle population at around 30 nm is likely due to Con A aggregation under the experimental conditions used. The same pattern could be seen from the corresponding TEM images (Fig. 1B) , where the capped FMSN-DOX-ConA particles displayed more aggregation than the original FITC-doped mesoporous silica nanoparticles.
As discussed in the above, the size of a Con A protomer is approximately 4 nm in one dimension, and the tetrameric protein close to twice that size. To confirm the gating potential of the lectin, Brunauer-Emmett-Teller (BET) surface area analysis and BarrettJoyner-Halenda (BJH) pore size and volume analysis were used to confirm the particles' mesoporous structure. As shown in Fig. 1D , the properties of the original FMSN preparation were typical to mesoporous silica particles with approximately 1020 m 2 g À1 surface area and 3.1 nm pore diameter (b) , while the Con A-capped FMSN-DOX-ConA particles showed significantly decreased surface area and no obvious mesopores (a). This is owing to doxorubicin loading and lectin capping, similar to the results reported by Zhang and coworkers after b-cyclodextrin capping on DOX-loaded MSNs. 20 The gating behaviour of the pores in the presence of glutathione was next evaluated. The mannosylated FMSN-Man particles were thus first capped with FITC-labeled Con A (yielding FMSN-fConA particles), and subsequently exposed to increasing concentrations of glutathione in PBS (pH 7.4). Upon incubation for 12 h, the particles were removed by centrifugation, and the residual fluorescence emanating from reduction of the disulfide bond and release of the FITC-labeled Con A was Scheme 1 Synthesis of Con A-gated, FITC-doped, mesoporous silica glyconanoparticles. Fig. 2A , no detectable fluorescence was recorded when the FMSN-fConA particles were dispersed in buffer in the absence of glutathione. In contrast, fluorescence appeared when glutathione was added to the nanoparticle suspension, where the intensity correlated with the glutathione concentrations. These results indicate that glutathione plays an effective role in cleaving the disulfide linker of the nanoparticles.
measured. As shown in
Absorption spectroscopy was used to monitor the release of doxorubicin from the Con A-gated glyconanoparticles in PBS (pH 7.4) before and after exposure to the glutathione trigger. As shown in Fig. 2B , very low levels of doxorubicin were released within 24 h in the absence of glutathione, indicating that the lectin-gated nano-containers remained largely intact under these conditions. With increasing concentrations of glutathione from 0.04 mM to 10 mM, on the other hand, the doxorubicin signal significantly increased, thus displaying lectin uncapping, pore opening, and drug release from the nanoparticles. The degree of doxorubicin release furthermore correlated with the glutathione concentrations. Thus, upon glutathione treatment, the disulfide linker was reduced and cleaved, resulting in removal of Con A from the surface of the FMSN-DOX-ConA particles, and release of doxorubicin. The process showed an initial burst phase over a few hours, followed by a prolonged period of slower release, likely due to diffusion from inner pores and potentially stronger adsorption to local surface sites. At a glutathione concentration of 10 mM, the release level within 7 h reached 61%, similar to reported mesoporous particle systems. 20 These results demonstrate that the lectin gating system showed efficient sealing properties before exposure to glutathione, and rapid opening and release of the nanoparticle cargo upon stimulation. Since cancer cells show high levels of glutathione compared to normal cells, the Con A-gated glyconanoparticles demonstrate high potential as drug carriers for delivery to cancer cells without premature release of drug into blood vessels and normal tissue.
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The selective doxorubicin release efficiency of the Con A-gated glyconanoparticles towards human cells was next addressed. Cytotoxicity assays were thus performed with two different human lung cells lines: primary lung epithelial cells (PCC cells), and adenocarcinomic alveolar basal epithelial cells (A549 cells). The cells were treated with different concentrations of FMSN-and doxorubicin-loaded FMSN-DOX-ConA-particles, and the cell viability over 24 h was recorded. As shown in Fig. 3 , the cell selectivity proved very high, where the A549 cells were significantly more affected by the particles than the normal PCC cells. The IC50 of the FMSN-DOX-ConA particles against the A549 cells was approximately 25 mg mL
À1
, while the viability of the normal PCC cells remained above 90% at this concentration. This demonstrated the effect of the high glutathione concentration in the A549 cancer cells (B12 mM), 22 compared to the normal PCC cells. The concentration of glutathione in PCC cells is lower than 1 mM, 23 resulting in considerably lower degree of disulfide cleavage and doxorubicin release. For both cell lines, the unloaded FITC-doped mesoporous silica nanoparticles did not show any significant cytotoxicity, where the cell viability remained beyond 90% at nanoparticle concentrations from 1.6 mg mL À1 to 200 mg mL
, demonstrating good biocompatibility of the FMSN particles (Fig. S4 , ESI †). The effects of the FMSN-and the FMSN-DOX-ConA particles on the cells were furthermore evaluated using confocal fluorescence microscopy. The cell lines were thus incubated with the different nanoparticles, and the fluorescence monitored in situ. The results were again clear, and the green fluorescence of the FITC-doped nanoparticles was visible in both the A549-and the PCC cells after incubation for 6 h, indicating that the mesoporous silica nanoparticles can be uptaken by both types of human cells (Fig. 4, cf. Fig. S5, ESI †) . As can also be seen in Fig. 4 , the A549 cells gave rise to strong red fluorescence upon incubation with the doxorubicin-loaded FMSN-DOX-ConA-particles. This was consistent with our expectation that extensive cleavage of the disulfide linker would occur with this cell line, leading to uncapping of the Con A gate, release of doxorubicin and appearance of red fluorescence. The results also support the effect of the higher concentration of glutathione in the A549 cells compared to the PCC cells, where doxorubicin can be released more efficiently from the Con A-gated nano-containers in the A549 cells. The weaker red fluorescence in the PCC cells suggests that the drug remained entrapped in the pores in the absence of high concentrations of glutathione. The developed delivery system thus showed a good blocking effect with minimal premature drug release in healthy cells.
In conclusion, this work describes the development of lectingated, FITC-doped mesoporous silica glyconanoparticles as delivery vehicles for controlled drug release. The particles were functionalized with disulfide-linked perfluorophenyl azide groups, and conjugated with D-mannose using photoinduced nitrene chemistry. Subsequent doxorubicin loading and Con A capping resulted in the final materials, which could be opened by redox stimulus. The lectin gatekeeper showed good blocking efficiency at low levels of glutathione in normal cells, while reduction of the disulfide linker in the presence of higher concentrations of glutathione in cancer cells efficiently uncapped the lectin and released the drug. These Con A-gated mesoporous silica glyconanoparticles provide an efficient platform for controlled drug delivery, in principle releasing the content at the site of disease. Further surface modification with targeting entities towards specific cells and tissues for site-specific controlled drug delivery is under consideration. This work was in part supported by the National Institutes of Health (R01GM080295) and the Royal Institute of Technology. JZ thanks the China Scholarship Council for a special scholarship award.
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